The receptor-like protein tyrosine phosphatase DEP1, also known as CD148, is expressed predominantly in epithelial cells, in a variety of tumor cell lines, and in lymphocytes. Expression of DEP1 is enhanced at high cell density, and this observation suggests that DEP1 may function in the regulation of cell adhesion and possibly contact inhibition of cell growth. In order to investigate the function of DEP1, substrate-trapping mutants of the phosphatase were used to identify potential substrates. GST-fusion proteins containing the DEP1 catalytic domain with a substrate-trapping D/A mutation were found to interact with p120 ctn , a component of adherens junctions. DEP1 also interacted with other members of the catenin gene family including b-catenin and g-catenin. The interaction with p120 ctn is likely to be direct, as the interaction occurs in K562 cells lacking functional adherens junctions and E-cadherin expression. Catalytic domains of the tyrosine phosphatases PTP-PEST, CD45, and PTPb did not interact with proteins of the catenin family to detectable levels, suggesting that the interaction of DEP1 with these proteins is specific. DEP1 expression was concentrated at sites of cell -cell contact in A549 cells. p120 ctn was found to colocalize with these structures. Together these data suggest an important role for DEP-1 in the function of cell -cell contacts and adherens junctions.
Introduction
A variety of signal transduction events are controlled by the opposing activities of protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs). Although significant progress has been made in our understanding of the regulation and function of cytoplasmic PTPs, very little is known about the specific substrates or function of the family of receptor tyrosine phosphatases (RPTPs). DEP1 is a RPTP which is characterized by eight fibronectin type III repeats within the extracellular domain, a transmembrane domain, and a single catalytic domain (Ostman et al., 1994; Jallal et al., 1997) . The expression of DEP1 in at least one cell line has been shown to increase with increasing cell densities (Ostman et al., 1994) . These features suggest a role for DEP1 in the regulation of cell-cell contact and density-dependent inhibition of growth. DEP1 was also identified as CD148, a RPTP expressed in cells of hematopoietic lineage, in which it was shown to negatively regulate T cell activation (Gaya et al., 1999; Tangye et al., 1998a,b; de la FuenteGarcia et al., 1998) and inhibit proliferation of macrophage cell lines (Osborne et al., 1998) . DEP1 may function as a negative regulator of T cell receptor signaling by interfering with the phosphorylation of LAT and PLCg1 (Baker et al., 2001 ) by either direct dephosphorylation or dephosphorylation of their upstream regulators. It was subsequently found that DEP1 is constitutively expressed in a variety of mammary carcinoma cell lines, including A431 cells (Jallal et al., 1997) . In addition, DEP1 was found to be tyrosine phosphorylated following the stimulation of the A431 tumor cell line with EGF. In this same study, several tyrosine phosphorylated proteins were found associated with the catalytic domain of DEP1. DEP1 itself was found to be phosphorylated on serine and threonine as well as tyrosine residues, and this modification may be important for the regulation of its activity (Jallal et al., 1997) .
One hallmark of transformed cells is the loss of contact-inhibition of growth. Changes in the activity of both PTKs and PTPs may contribute to malignant transformation and specifically to a loss of contactinhibition of growth by altering signaling events which regulate the cytoskeleton, adhesion, cell -cell contacts, and motility (Daniel and Reynolds, 1997; Pawlak and Helfman, 2001) . Conditions that induce tyrosine phosphorylation of the molecular components of cellcell junctions, including src and ras-mediated transformation, have been shown to weaken cell adhesion (Hamaguchi et al., 1993; Kinch et al., 1995; Matsuyoshi et al., 1992) , and this correlates with a gain of invasive cell behavior (Behrens et al., 1993) . Therefore, a better understanding of the regulation of cell -cell junctions by PTKs and PTPs may yield new insights into the cellular changes that underlie transformation.
Cell -cell junctions are formed by a series of transmembrane cell -cell adhesion receptors linked by a complex of intracellular proteins to the cytoskeletal network. These structures are important for maintaining cell -cell adhesion, cytoskeletal architecture, and ultimately tissue structure and integrity. Cadherins represent a family of cell -cell adhesion receptors, and are the major component of cell -cell adherens junctions. They play a role in cell adhesion in a variety of tissues. E-cadherin is specifically located at the adherens junctions of epithelial cells, whereas VEcadherin is clustered at cell -cell contacts in vascular endothelium (Lampugnani et al., 1995) . The extracellular domains mediate cell adhesion via homophilic interactions with adjacent cells, while the cytoplasmic domains form complexes with a family of proteins called catenins. These proteins contain repeats of a 42-amino acid motif termed the ARM motif, and include b-catenin, g-catenin/plakoglobin, as well as p120 ctn (Barth et al., 1997; Reynolds et al., 1992) . p120 ctn interacts directly with the cytoplasmic domain of cadherins through the ARM motif on a site unique from that bound by b-catenin and g-catenin (Reynolds et al., 1994; Daniel and Reynolds, 1995; Aghib and McCrea, 1995; Staddon et al., 1995) . p120 ctn was originally identified as a substrate for the tyrosine kinase v-src (Reynolds et al., 1989) and its tyrosine phosphorylation may correlate with src-induced transformation. Together with other adherens junction proteins these catenin family members anchor the cadherins to the cytoskeleton by interacting with specific actin-binding proteins or by directly binding to F-actin (Nagafuchi et al., 1991; Rimm et al., 1995; Anastasiadis and Reynolds, 2001) . The interactions between the proteins in the adherens junctions are regulated by tyrosine phosphorylation and dephosphorylation. Recent work has shown that dephosphorylation of adherens junction components is associated with mature junctions tightly associated with the cytoskeleton, whereas phosphorylation of the components by src and other PTKs causes dissociation. Furthermore, this level of tyrosine phosphorylation appears to be regulated at the level of cell density. Subconfluent monolayers of cells contain high levels of phosphotyrosine whereas cells growing at high density are associated with dephosphorylated components (Lampugnani et al., 1997) . Functional adherens junctions may play a role in the contact -inhibition of growth of normal cell lines. The knowledge of their regulation by dephosphorylation may lead to a better understanding of the molecular basis of contactinhibition of growth.
A number of RPTPs which include PTPk, PTPm, and LAR, have been found associated with cadherin and/or catenin family members. Like DEP1 they are transmembrane receptor PTPs with extracellular domains containing multiple fibronectin type III repeats, reminiscent of cell adhesion molecules. Unlike DEP1 however, they contain two intracellular phosphatase catalytic domains. PTPm was found to associate with a complex containing cadherins and catenins (Brady-Kalnay et al., 1995) , as well as directly associating with p120
ctn . PTPm was shown subsequently to interact directly with E-cadherin (BradyKalnay et al., 1998) . LAR has been demonstrated to associate with a cadherin/catenin complex (Kypta et al., 1996; Aicher et al., 1997) . Both b-catenin and gcatenin, or plakoglobin, were found to associate with PTPk (Fuchs et al., 1996) . This has implicated RPTPs as candidates for regulation of adherens junction formation and architecture.
In this study, we show that the RPTP DEP1 associated with a number of proteins involved in cell -cell contacts including p120 ctn and other members of the catenin gene family. We found the interaction of these proteins with DEP1 to be dependent on their tyrosine phosphorylation. Further, tyrosine phosphorylated p120 ctn coprecipitates with DEP1 in vivo in transfected cells. Together with our finding that the DEP1 catalytic domain dephosphorylates p120 ctn in vitro, these data suggest that p120 ctn may be a direct DEP1 substrate. In addition, we found that the subcellular localization of DEP1 mirrored that of these proteins, and was concentrated at cell -cell junctions. Our findings suggest that DEP1 may function to regulate the structural integrity and signaling events involved in the formation of cell -cell contacts through interactions with proteins in the catenin gene family.
Results

Identification of DEP1 substrates
The RPTP DEP-1 is expressed in a variety of human cell types. In adherent cells DEP1 protein levels increase with increasing cell density, suggesting that DEP1 may have a role in regulating cell adhesion (Ostman et al., 1994) . To further explore the function of DEP-1 we sought to identify candidate substrates of this phosphatase. To this end we generated substrate trapping mutants by mutating the active site cysteine of DEP1 to serine. The alteration of the catalytic cysteine, which is essential as a nucleophile to attack the substrate phosphotyrosine residue, allows the phosphatase to be isolated in a complex with its substrate (Stuckey et al., 1994) . Alternatively we exchanged the conserved aspartic acid residue of the WPD loop to alanine. This aspartic acid in the WPD loop acts as a general acid to facilitate the protonation of the oxygen atom in the tyrosyl leaving group . Mutation of this aspartic acid to an alanine has been shown to facilitate trapping of substrates within the phosphatase catalytic domain (Flint et al., 1997) . Wild type and mutant DEP1 catalytic domains were expressed as GST-fusion proteins and used in pulldown assays. To induce tyrosine phosphorylation of cellular proteins, A431 cells were treated with pervanadate. The lysates were then incubated with various GST-fusion proteins, bound to glutathione agarose and interacting proteins detected by antiphosphotyrosine immunoblot. As shown in Figure 1 , no tyrosine phosphorylated proteins were recovered with the wild-type DEP1 catalytic domain. The substrate trapping mutants DEP1 C/S and DEP1 D/A, however, were found to associate with a similar pattern of phosphorylated proteins. These associated proteins are only a subset of the total phosphorylated proteins present in the right panel of Figure 1 . This observation indicates that these trapping mutants can be used to identify DEP1 interacting proteins, and that a subset of these tyrosine phosphorylated proteins are likely to be direct substrates. The comparison of the DEP1 D/A mutant with the DEP1 C/S mutant demonstrated that the D/A mutation resulted in a higher affinity for substrates, and this allele was therefore utilized in subsequent experiments.
Adherens junctions play a major role in the regulation of cell adhesion, and a growing body of data indicates that phosphorylation and dephosphorylation of proteins in the adherens junction is crucial for their regulation (Lampugnani et al., 1997; Calautti et al., 1998) . As the expression of DEP1 is regulated by cell density, we determined if any of these interacting proteins were adherens junction components. We chose to look for potential substrates of DEP1 in the tumor cell lines SW480 and A431. These cell lines were previously shown to have high levels of DEP1 expression and are thus likely to contain bone fide DEP1 substrates (Jallal et al., 1997) . As shown in Figure 2a , several tyrosine phosphorylated proteins were found to interact with the DEP1 D/A mutant, and did not interact with PTPb or GST alone in lysates from SW480 cells. A similar pattern of tyrosine phosphorylated species interacting with DEP1 D/A was found in lysates from A431 cells indicating that these interacting proteins may be common to multiple cell types ( Figure 2b ). As one clearly tyrosine phosphorylated species interacting with DEP1 D/A appeared to be approximately 120 kDa in molecular weight, the proteins that interacted with the indicated GST-fusion proteins were probed with antibodies to p120 ctn . DEP1 D/A but not PTPb D/A or GST alone was found to interact with p120 ctn (Figure 2a ,b) from both SW480 and A431 lysates. In the absence of pervanadate treatment no p120 ctn could be detected in GST-DEP1 D/A precipitates suggesting that the interaction of DEP1 D/A with p120 ctn is tyrosine phosphorylation-dependent.
As SW480 and A431 cells are transformed human tumor cell lines, we analysed if DEP1 D/A could interact with p120 ctn in primary cells as well. DEP1 has been reported to be expressed in endothelial cells (Takahashi et al., 1999) . Therefore, lysates from primary normal human vascular endothelial cells (HUVEC) were analysed for proteins that interacted with DEP1. Like SW480 and A431 cells, a number of tyrosine phosphorylated proteins coprecipitated with DEP1 D/A including p120 ctn , indicating that candidate substrates also exist in HUVECs ( Figure 3a ). Furthermore, p120
ctn was also found in this complex of proteins and interacted specifically with DEP1 D/A and not the substratetrapping mutant of another RPTP, CD45. Therefore, the interaction of DEP1 D/A with p120 ctn can occur with this catenin family member from both transformed tumor lines as well as primary endothelial cells.
The interaction of DEP1 with other related catenin family members, such as g-catenin (often referred to as plakoglobin) and b-catenin, which also interact with the cytoplasmic tail of E-cadherin, was investigated. DEP1 D/A only bound to plakoglobin and b-catenin in a tyrosine phosphorylation-dependent manner from HUVEC cell lysates ( Figure 3b ). In contrast, DEP1 did not interact with the related family member a-catenin (data not shown). Therefore, it is likely that DEP1 exhibits a specificity for phosphotyrosine sequences that are common to some members of the catenin gene family.
We investigated further the specificity of the interaction between DEP1 D/A and p120 ctn . Lysates from A431 cells were again treated with pervanadate and probed for interactions with DEP1 D/A, CD45 D/A, and the cytoplasmic tyrosine phosphatase PTP -PEST D/A, a phosphatase demonstrated to be involved in cell adhesion and migration (AngersLoustau et al., 1999) . PTP -PEST D/A as well as DEP1 D/A both interact with a unique subset of tyrosine phosphorylated proteins (Figure 4a ). CD45 D/ A interacted only weakly with few proteins that can be detected with anti-phosphotyrosine antibody. However, only DEP1 D/A interacted with p120 ctn (Figure 4b ) indicating that this interaction is specific.
Features of the interaction between p120
ctn and DEP1
It has previously been shown that the interaction between PTPm and the cadherin -catenin complex may (7) pervanadate. Interacting proteins were analyzed by SDS -PAGE and visualized by immunoblotting with antibodies to phosphotyrosine. In the right panel, direct lysates from these A431 cells were run DEP1 interaction with p120 ctn be mediated by direct interactions between PTPm and the 38 C-terminal residues of E-cadherin (BradyKalnay et al., 1995 (BradyKalnay et al., , 1998 . As two of the putative substrates of DEP1 appeared to be catenin family members, we sought to determine if the interaction with these proteins was direct and could occur in the absence of cadherins and functional adherens junctions. The cell line K562 does not express cadherins nor does it exhibit cadherin-dependent cell -cell adhesion (Ozawa and Kemler, 1998) . K562 cell lysates were analysed for proteins that interacted with DEP1 D/A. Both p120 ctn as well as plakoglobin from these cells were seen interacting with DEP1 D/A ( Figure 5 ). This occurred in the absence of cadherins. As DEP1 interacts with p120 ctn and plakoglobin in the absence of detectable cadherins, then the association of DEP1 with adherens junction complexes is likely to be through the catenin family members and not through a cadherin bridge.
DEP1 can directly dephosphorylate p120 ctn
A functional association between p120 ctn and DEP1 would indicate that this catenin family member is likely to be a direct substrate of DEP1. In order to identify if p120 ctn could be specifically dephosphorylated, p120 ctn was immunoprecipitated from A431 lysates and mixed with the indicated purified GST-fusion proteins at 308C for 30 min. The tyrosine-phosphorylated p120 ctn was dephosphorylated by WT DEP1, in a dose-dependent manner ( Figure 6 ). This indicates that p120 ctn is a direct substrate in vitro of the phosphatase domain of Dep1.
In vivo interaction between DEP1 and p120 ctn , and subcellular localization of DEP1
We investigated if the interaction between p120 ctn and DEP1 could also occur in vivo with the full length DEP1 protein. 293T cells were cotransfected with constructs directing the expression of both the fulllength DEP1 protein containing the D/A mutation and an epitope-tagged allele of p120 ctn . Lysates were immunoprecipitated with either antibody to DEP1 or the myc-tagged p120 ctn in order to detect association between the proteins. In lysates from cells transfected ctn tyrosine phosphorylated species corresponding to the molecular weight of DEP1 itself and p120 ctn can be seen (Figure 7 ). These species are seen when both the DEP1 antibody as well as the myc antibody are used in the immunoprecipitation. Immunoblotting with antibodies directed against p120 ctn demonstrates that p120 ctn and DEP1 coprecipitate in a tyrosine phosphorylation-dependent manner (Figure 7) . Conversely, DEP1 was seen coimmunoprecipitating with p120 ctn also in a phosphorylation-dependent manner (Figure 7 ). These data indicate that p120 ctn can associate with DEP1 D/A in intact cells.
As we had identified that proteins involved in cellcell junctions are potential substrates of DEP1, we reasoned that the intracellular localization of DEP1 should be consistent with a role in cell adhesion. A GFP fusion protein was produced by fusing GFP to the C-terminal domain of wild-type DEP1 in order to study the subcellular localization of DEP1. This construct was transfected into 293T cells, followed by fixation and immunofluorescence microscopy. Cell -cell junctions were highly enriched in the DEP1 fusion protein (Figure 8a ). This is in contrast to the overall cytoplasmic localization of GFP alone. We confirmed this observation by determining the localization of endogenous DEP1 in A549 cells. DEP1 was visualized by staining with a monoclonal antibody to DEP1. Two different fixation conditions were used in order to reduce the possibility of artifactual staining patterns. Like the DEP1 -GFP fusion protein, the endogenous DEP1 was found highly enriched at cell -cell junctions ( Figure  8b ).These same cell-cell contacts were also found to contain high levels of p120 ctn (Figure 8b ). These data indicate that DEP1 is localized at cell -cell junctions and are consistent with a role for DEP1 in regulating cell -cell contact. These data are also consistent with the observation that DEP1 expression accumulated at inter-endothelial contacts that overlap with VEcadherin staining in developing renal vasculature (Takahashi et al., 1999) . Figure 4 The interaction between DEP1 and p120 ctn is specific, and is dependent on substrate phosphorylation. Lysates from A431 cells treated (+) or untreated (7) with pervanadate were incubated with GST-fusion proteins of the indicated cytoplasmic and transmembrane receptor phosphatases. Interacting proteins were visualized by immunoblotting with antibodies to phosphotyrosine (a) and p120 ctn (b)
Figure 5 DEP1 interacts with p120 ctn and g-catenin in the absence of functional adherens junctions. Nonadherent K562 cells, which do not express E-cadherin and P-cadherin, were treated with (+) or without (7) pervanadate for 10 min and lysates incubated with the indicated GST-fusion proteins. Catenin proteins indicated were immunoprecipitated from the lysates to indicate their expression levels. Interacting proteins were visualized by immunoblotting with antibodies to phosphotyrosine, p120 ctn , and g-catenin as indicated DEP1 interaction with p120 ctn LJ Holsinger et al
Discussion
Conditions that stimulate tyrosine phosphorylation of adherens junction components have been demonstrated to induce a weak state of cell -cell adhesion (Hamaguchi et al., 1993; Kinch et al., 1995; Matsuyoshi et al., 1992) . Tyrosine phosphorylation of cadherin, bcatenin, and p120 ctn was found to be higher in nonconfluent dividing monolayers of endothelial cells and these changes in tyrosine phosphorylation mirrored the structure of the adherens junctions. Cadherin was tightly associated with b-catenin, and p120 ctn predominantly in the loose nonconfluent monolayers, and inhibition of phosphatases with pervanadate stabilized the interactions between p120 ctn and cadherin (Lampugnani et al., 1997) . Thus the regulation of tyrosine phosphorylation of the components of adherens junctions can clearly alter cell -cell adhesion. We have found evidence that p120 ctn is a direct substrate of DEP1 as the interaction occurred specifically with the phosphatase substratetrapping mutants and also could be dephosphorylated by DEP1 in vitro. We have used pervanadate to stimulate tyrosine phosphorylation levels of potential substrates for DEP1. It will now be of interest to investigate physiological stimuli, such as growth factor stimulation, which lead to phosphorylation of DEP1 substrates. p120 ctn is also a direct substrate of src and the src-dependent phosphorylation sites have been recently identified (Mariner et al., 2001) . It is possible that DEP1 directly opposes src phosphorylation at cell -cell contact sites. p120 ctn phosphorylation is clearly a candidate for the regulation of cadherin function and adhesion, and it will be of interest to determine the effect of the DEP1 phosphatase on the regulation of each of these sites. In future studies, it will be of interest to determine the effect of overexpression of DEP1 on the phosphorylation and function of adherens junction components.
Cadherin-dependent cell adhesion has been found to be altered in a variety of tumors, and these alterations include mutations in cadherin and catenin genes themselves (reviewed in Shiozaki et al., 1996) . These changes in cell adhesion and the integrity of cell -cell junctions may underlie some of the phenotypes of transformed cells, such as anchorage-independent growth and a lack of contact-inhibited growth. It was previously observed that DEP1 was expressed in dense as well as sparse cultures of the transformed human lung carcinoma line A431, and that DEP1 expression was readily detectable in mammary carcinoma cell lines. DEP1 overexpression has also been reported to inhibit the growth of breast cancer cell lines (Keane et al., 1996) . Alterations in DEP1 activity may contribute to changes in the phosphorylation of adherens junction components such as p120 ctn . In tumor cells, this may contribute to changes in the architecture of cell -cell junctions and possibly a loss ctn may regulate cell -cell adhesion and adherens junction formation by affecting the activity of RhoA and actin stress fibers. DEP1, by reducing p120 ctn phosphorylation, might stabilize the interaction between p120 ctn and cadherins, thereby altering RhoA function. It was recently observed that DEP1 phosphatase activity can be regulated by a preparation of extracellular matrix proteins. Matrigel stimulation of cells increased DEP1 specific activity toward a src phosphopeptide (Sorby et al., 2001) . This indicates that DEP1 may be responsive to changes in cell attachment to the extracellular matrix. Functional experiments to understand the role of DEP1 in cellmatrix associated events such as integrin engagement and cell spreading, as well as changes in cell architecture, will require further studies.
Together these data indicate that DEP1 interacts with a number of proteins involved in adherens junction structure. As the interaction of the DEP1 catalytic domain with these proteins required tyrosine phosphorylation, and the interaction could be detected specifically with substrate-trapping mutants, this indicates that they are most likely direct substrates of the DEP1 PTP domain. These interactions, in addition to its localization at cell -cell junctions, are evidence that DEP1 is a strong candidate for a tyrosine phosphatase that regulates the integrity of cell -cell junctions by altering the phosphorylation of junctional components. Indeed we have shown that DEP1 can interact with p120 ctn both in vitro and in vivo. Our data also indicate that p120 ctn is also a direct substrate of DEP1 in vitro, and this dephosphorylation is likely to be specific as Figure 8 The subcellular localization of DEP1 includes cell-cell contacts. (a) 293T cells were transfected with DEP1-GFP or GFP alone on glass coverslips. Twenty-four hours post transfection cells were fixed in 3% paraformaldehyde, stained for 10 min with DAPI to visualize the nuclei, and GFP observed by indirect immunofluorescence microscopy. Identical fields were photographed using filters for GFP and DAPI fluorescence. (b) A549 cells were fixed with either 3% paraformaldehyde and permeabilized with 0.1% Triton X100 (A, A', C, C', D, D') or were fixed with methanol at 7208C and permeabilized with 0.1% Triton X100 (B, B') as indicated in Materials and methods. Cells were stained with a monoclonal antibody to DEP1 (a, b), a monoclonal antibody to p120 ctn (c), or anti-mouse FITC secondary antibodies alone (d). Each field of cells was costained with DAPI to visualize nuclei (A', B', C', D'). Identical fields were photographed using filters to visualize FITC or DAPI DEP1 interaction with p120 ctn other phosphatases tested did not dephosphorylate p120 ctn under these same conditions. PTPm has also been shown to interact with various cadherin family members in vivo, and was proposed to be involved in the regulation of cadherin function (Brady-Kalnay et al., 1998) . Indeed, a complex of phosphatases and kinases may exist at adherens junctions to regulate reversible phosphorylation of various junctional components, and subsequently the organization and structural integrity of cell -cell contacts. RPTPm was recently shown to also interact with p120 ctn and dephosphorylate it in vitro and in vivo (Zondag et al., 2000) . However the interaction between p120 ctn and RPTPm differs from its interaction with DEP1. First, unlike DEP1, b-catenin does not interact with RPTPm, indicating that the nature of RPTPm interaction with p120 ctn is not mediated by a region common to armadillo family members. Secondly, complex formation between p120 ctn and RPTPm does not require tyrosine phosphorylation but rather a unique Nterminal region of p120 ctn distinct from the cadherininteracting site. Thus although it is possible that DEP1 and RPTPm may dephosphorylate the same sites on p120 ctn , their interaction with this substrate, and thus the regulation of their interaction, is different.
Plakoglobin and b-catenin are related to the armadillo family of proteins, and bind directly to the cytoplasmic domain of cadherin. In contrast, a-catenin is more highly related to the cytoskeleton-associated protein vinculin, and functions to link the catenincadherin complex to the cytoskeleton by binding to actin directly or through interactions with actin binding proteins (Gumbiner, 1995 (Gumbiner, , 1996 Knudsen et al., 1995; Rimm et al., 1995) . We demonstrated that DEP1 D/A interacted specifically with plakoglobin and b-catenin and did not interact with a-catenin (data not shown) in HUVECs. Therefore, it is likely that DEP1 exhibits a specificity for phosphotyrosine sequences that are common to specific armadillo family proteins.
In addition to its interaction with adherens junction components, DEP1 has also been demonstrated to interact with and possibly modulate the function of the PDGF beta-receptor (Kovalenko et al., 2000) . The DEP1-related RPTP, VE-PTP, is specifically expressed in vascular endothelial cells and was shown to interact with and dephosphorylate the angiopoietin receptor Tie-2 (Fachinger et al., 1999) . Therefore, it is possible that in addition to regulating cell -cell junction architecture, DEP1 and other RPTPs may also alter cell adhesion by directly regulating the activity of specific growth factor receptors.
In conclusion, this study indicates that candidate substrates of DEP1 include proteins whose activity and dephosphorylation are involved in cell adhesion and the architecture of cell -cell junctions. This is consistent with a role for DEP1 in regulating cell -cell contact and adhesion. It would be of interest to determine the precise amino acids involved in DEP1 substrate recognition as well as to identify additional substrates as they might also be candidates for regulating cell adhesion.
Materials and methods
Cell culture, transfections, and pervanadate stimulation A431, K562, and 293T cells were cultured at 378C and 5% CO 2 in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin. A549 cells were cultured at 308C in 5% CO 2 in F12K (Kaighn's Modification) medium supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin and 2 mM Lglutamine. SW480 cells were cultured at 308C in 5% CO 2 in RPMI 1640 supplemented with 10% fetal bovine serum, 100 U/ml penicillin and 100 mg/ml streptomycin, and 2 mM L-glutamine. HUVECs were purchased from Clonetics (East Rutherford, NJ, USA) and cultured in media supplied by the manufacturer. Where indicated, cells were stimulated with pervanadate in DMEM alone for 10 min. Pervanadate was prepared fresh by making a 1 : 1 mixture of 30% peroxide and 100 mM orthovanadate and added to DMEM for a final concentration of 0.1 mM pervanadate. Where indicated cells were transfected with either Lipofectamine or Lipofectamine 2000 (Life Technologies) according to the manufacturer's instructions in Optimem Medium (Life Technologies).
Antibodies
Antibodies to p120
ctn , E-cadherin, P-cadherin, g-catenin, bcatenin, a-catenin, and anti-phosphotyrosine (RC20) were obtained from BD Transduction Laboratories (Lexington, KY, USA). Purified polyclonal antisera to DEP1, sera 42, was generated as described previously (Jallal et al., 1997) . A monoclonal antibody to DEP1 143 -41 used for immunofluorescence studies was kindly provided by Drs Antoni Gaya and Eduard Palou (Servei d'Immunologia, Hospital Clinic, Barcelona, Spain). Anti-myc 9E10 antibody was used for detection of myc-tagged proteins.
Plasmid construction
Nucleotides 3488 to 4273 of DEP1 sequence containing the catalytic D1 domain of DEP1 were subcloned into the BamH1 site of vector pGEX2TK (Pharmacia Biotech) using the following oligonucleotides for PCR-mediated cloning: 5'-CGCGG ATCCG ATCTGAA GCTTGTT GGAATTAGT -3' and 5'-CGCGGATCCATCTACTTTTGAGTCTTTCTGG-GATCT-3'. E. Coli DH5a cells were transformed with plasmid constructs and were used to produce the GST-fusion proteins indicated. The pGEX -PTPb D/A construct was a gift from Ori Peles. The catalytic D1 domain of CD45 was subcloned into the EcoR1 site of pGEX2TK using the following oligonucleotides for PCR-mediated cloning: 5'-CCGGAATTCTGGGATCTAAAATC TATGATCTA CAT -AAG-3' and 5'-CCGGAATTCTGGAATTCACTTCTGTTT-CTCCAAACTG-3'. The catalytic domain of PTP -PEST was subcloned into the BamH1 site of pGEX2TK using the following oligonucleotides for PCR-mediated cloning: 5'-CGCGGATCCATGGAGCAAGTGGAGATCCTGAGG -3' and 5'-CGCGAATCCTTCAACAAGGCAACTCCGGGTC-CT-3'. D/A and C/S mutations at the invarient aspartic acid and catalytic cysteine residues respectively, were introduced by site-directed mutagenesis using standard polymerase chain reaction and cloning procedures. The sequence of all resulting constructs was verified by DNA sequencing. The human cDNA of p120 ctn was kindly provided by D Rimm. The p120 ctn coding region was cloned in frame with the myc tag pCMVneomyc1 into sites Nhe1-Kpn1 using the following DEP1 interaction with p120 ctn oligonucleotides 5'-CCGACAGCTAGCCAGGAGCCGGG-GCAGATTGTGGAG-3' and 5'-CCGACAGGTACCCTA-AATCTTCTGCATGGAGGGGTA-3'.
To construct the DEP1 -GFP fusion protein, the entire coding region of DEP1 was subcloned using standard molecular biology procedures into the Xho1 -SacII site of the plasmid pEGFPN1 (Clontech Laboratories) using the following oligonucleotides: 5'-CCGACACTCGAGGCCACC ATGAAGCCGGCGGCGCGGGAGGCG-3' and 5'-CCGA-CCCGCGGGGCGATGTAACCATTGGTCTTTCCAAA-3'.
Immunofluorescence studies 293T cells plated onto glass coverslips at approximately 20% confluency were transfected using Lipofectamine with 1 mg of pEGFPN1 -DEP1 or pEGFP plasmids. 24 h following transfection cells were fixed for 15 min in 3% paraformaldehyde (EM Sciences), rinsed with PBS, stained with DAPI (Sigma) in PBS/1% BSA for 10 min, and coverslips mounted in Choi Mount solution (25 mM Tris pH 8.0, 75% glycerol, 0.1% p-phenylenediamine) on glass slides. For endogenous DEP1 and p120 ctn staining in A549 cells, cells were plated on glass coverslips at approximately 50% confluency for 24 h, and fixed with two different conditions. Cells were fixed in either (1) 3% paraformaldehyde for 15 min; PBS washes; permeabilized in 0.1% Triton X100 for 5 min, PBS washes or (2) methanol for 20 min at 7208C; RT PBS washes, permeabilized in 0.1% Triton X100 for 5 min; PBS washes. Coverslips were incubated in humidified chambers, in PBS/1% BSA, with either antip120 ctn antibody (1 : 1000), or anti-DEP1 antibody (143 -41) (1 : 250) for 60 min at room temperature. Cells were rinsed in PBS and stained with anti-mouse-FITC antibodies (1 : 500; Vector Laboratories, Burlingame, CA, USA) and DAPI for 60 min at room temperature. Coverslips were mounted on slides as described and analysed by indirect immunofluorescence microscopy on a Nikon Microphot-FXA microscope equipped with a NFK-35 mm camera for photography on color slide film.
GST fusion proteins
Colonies containing the indicated GST fusion proteins were used to inoculate LB cultures with 100 mg/ml ampicillin. Cultures were grown for 1 h, induced with IPTG, and incubated for an additional 3 h. Pelleted bacteria were resuspended in 30 ml of STE (0.1 M NaCl, 10 mM Tris pH 8.0, 1 mM EDTA) supplemented with 100 mg/ml lysozyme, and incubated on ice for 15 min. Cells were lysed by the addition of 3 ml 0.5 M EDTA, 6.6 ml of 10% Triton X100, 30 ml of 10 mg/ml aprotinin/ leupeptin, 300 ml 0.1 M PMSF, 165 ml 1 M DTT, 30 ml bmercaptoethanol. Cells were sonicated for 3 min with pulsing, lysates clarified by spinning at 15 000 r.p.m. for 20 min, and bound to glutathione sepharose beads (Pharmacia Biotech) overnight at 48C with rocking. Beads were washed in PBS and stored in storage buffer (50% glycerol, 10 mM Tris pH 7.6, 1 mM DTT, 0.5 mM EDTA, 1 mM PMSF, 10 mg/ml aprotinin/leupeptin, 9 mM bmercaptoethanol) at 7208C. Concentrations of GST fusion protein on the beads were estimated by analysis of the beads by SDS -PAGE using a BSA standard followed by Coommassie stain.
Substrate trapping experiments
The indicated cell lines were passaged 24 h prior to stimulation, washed in cold TBS, and lysed in HNTG lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl 2 , 1 mM EGTA, 10% glycerol, 1% Triton X100) supplemented with 1 mM PMSF, leupeptin, aprotinin, 5 mM iodoacetic acid, and 1 mM orthovanadate. Lysates were incubated on ice 15 min, and DTT added to 10 mM final concentration to neutralize excess iodoacetic acid. Lysates were clarified by centrifugation at 10 0006g for 10 min at 48C, precleared with glutathione sepharose rocking at 48C for 20 min, and precleared supernatant incubated rocking at 48C for 2 h with 8 mg of the indicated GST fusion proteins. Beads were washed in HNTG wash buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 0.1% Triton X100, 1 mM EDTA) three times, 20 ml of 26SDS Laemmli sample buffer added, boiled, and analysed by SDS -PAGE and Western blotting on nitrocellulose membranes.
In vitro dephosphorylation assay A431 cells were either unstimulated or stimulated with pervanadate for 10 min. Cells were then lysed in HNTG lysis buffer containing protease inhibitors and 1 mM orthovanadate, and supernatants clarified by spinning at 10 0006g for 10 min at 48C. Lysates from approximately 5610 6 cells were immunoprecipitated with antibody to p120 ctn and protein G sepharose (Pharmacia Biotech) overnight at 48C, washed twice in HNTG wash buffer, and washed twice in succinate buffer (50 mM succinate pH 6.0, 50 mM NaCl, 1 mM EDTA, 1 mM DTT). 100 ml of succinate buffer was added with the indicated concentrations of either GST or GST -DEP1 WT on glutathione sepharose beads and rocked for 30 min at 308C. The beads were washed once in succinate buffer and 26Laemmli SDS sample buffer was added. The samples were then boiled for 5 min, and proteins resolved on 10% SDS -PAGE gels.
In vitro interaction studies 293T cells were transfected with the pCMV vector, pCMV DEP1 D/A, or pCMVmyc-p120 ctn . Forty-eight hours following transfection, cells were either left unstimulated or stimulated with pervanadate for 10 min, lysed in HNTG lysis buffer, and immunoprecipitated with either DEP1 42 antisera or anti-myc antibody. Immunoprecipitates were washed in HNTG wash buffer and analysed by SDS -PAGE and Western blotting.
Note added in proof
Data also supporting an interaction between DEP1 and p120 ctn has recently been observed by others (Nicholas K Tonks, personal communication).
